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We successfully synthesized a room-temperature ionic liquid
showing valence-tautomeric behavior, by combining a cobalt bis-
(dioxolene) complex dianion with a bulky trihexyl(tetradecyl)phos-
phonium cation. Its magnetic moment exhibits a gradual increase
up to ca. 280 K through the glass transition (262 K) and then has an
abrupt upturn at around 300 K. The valence-tautomeric behavior
was confirmed by the temperature dependence of the electronic
absorption spectra. This successful implementation allowed the
“smart” ionic liquid, whose magnetic behavior responds evidently to
temperature change.

The molecular design of ionic liquids, which are entirely
composed of ions and melt below room temperature (RT)
or 100 °C, appears to be one of the main challenges in
materials chemistry." A special fascination of the ionic liquids
is that the selection of component ions allows us not only
to control their physicochemical properties but also to
impart new functionalities that have not previously been
available in conventional molecular solvents. In this context,
we have reported,” along with others,’® ionic liquids with
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paramagnetic properties, using magnetoactive anions such as
Fe'"X,” (X = Cl, Br),® © Co"X,*” (X = Cl, N(CN),,
NCS),*** Dy"(SCN)s—«(H,0),° ™~ (x = 0-2),° and
TEMPO-0SO;™~ (2,2,6,6-tetramethyl-1-piperidinyloxyl-
4-sulfate).”® For the last case, the introduction of an acidic
sulfate group to a neutral TEMPO radical moiety leads to the
organic radical anion and, subsequently, the first organic
paramagnetic ionic liquids.>® In the present study, using this
synthetic approach, we proceed our study to the next stage,
namely, the development of ionic liquids that can modify the
magnetic behavior by applying external stimuli, e.g., tem-
perature, pressure, electric field, and light irradiation. Such a
“smart fluid” has become increasingly important as potential
systems for micro- and nanofluidic devices, and some
“smart” ionic liquids, i.e., those showing changes in the
ionicity, polarity, viscosity, and ionic conductivity caused
by exposure to CO,” and decreases in miscibility caused by
heat (lower critical solution temperature),® have been found.
However, there has been no ionic liquid whose physical
properties vary markedly with temperature.

Octahedral cobalt bis(dioxolene) valence tautomers, Co
(DBCat)(DBSQ)(N—N), where DBCat®~ and DBSQ" ™ refer
to dianionic 3,5-di-tert-butyl-1,2-catecholate and monoanio-
nic 3,5-di-tert-butyl-1,2-semiquinonate, respectively, and
N—N is a nitrogen—nitrogen bidentate ligand, interconvert
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Scheme 1. Valence-Tautomeric Bistability of the Present Cobalt
Complex Dianion
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Figure 1. (a) Molecular structure of a P14 ¢ 6 ¢ cation. (b) Photograph on
a polypropylene sheet. (c) Temperature dependence of the ionic conduc-
tivity (o) on the heating process. The conductivity data (circles) were
compared with those of [Py46.66]Cl (triangles). (d) ESR spectra measured
at 100 K for [Pj46.6.62[Co(DBCat)(DBSQ)(DCOObpy)] (upper, neat
glass; lower, 107> M toluene glass).

between a low-spin Co'™ (S = 0) system with one unpaired
electron on a DBSQ ligand and a high-spin Co" (S = ?/,)
system with two unpaired electrons on DBSQ ligands.” Such
a phase equilibrium has potential applicability for molecular
devices such as information storage and switches and could
be driven by either temperature change or light irradiation.’
We here combined the cobalt bis(dioxolene) unit with
2,2'-bipyridine (bpy) having two carboxylate groups at the
4 positions as N—N to realize an ionic liquid showing
valence-tautomeric behavior (Scheme 1).

Highly viscous (>1000 mPa s), dark-green liquid
[P14.6.6.6][Co(DBCat)(DBSQ)(DCOObpy)] (Figure 1b) was
synthesized by the reaction of stoichiometric amounts of
dark-green crystalline [Co(DBSQ),]4+ 2PhH® and pale-yellow
liquid [Py4.6.6.6Jo[DCOObpy] in anhydrous ethanol in an inert
atmosphere (see the Supporting Information), where P146.6.6
and DCOObpy are a trihexyl(tetradecyl)phosphonium
cation (Figure la) and a 2,2'-bipyridine-4,4’-dicarboxylate
dianion, respectively. No traces of Na, Ag, and Cl, which
were included in the precursors, were detected for energy-
dispersive X-ray spectroscopy.

The differential scanning calorimetry trace of the salt
shows a glass transition at 7, = 262 K during the heating
process, and no crystallization and melting events were
detected because of the long alkyl chains in the cation. It
decomposes at around 350 K, providing the liquid range
of ca. 90 K.
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Figure 2. (a) Electronic absorption spectrum of [P4.¢ ¢ 6]J[Co(DBCat)-
(DBSQ)(DCOObpy)] at 100 K, measured with a KBr compressed pellet.
Temperature dependence of the spectra (b) in the high-energy region
(280, 300, and 320 K) and (c) in the low-energy region (100, 200, 260, 280,
300, and 320 K).

The ionic conductivity (o) at RT (300 K) was determined to
be 1.03 x 107°S cm ™' and is significantly low in comparison
with that of [P4664/Cl (8.94 x 107 S cm™") because of the
bulky dianions. As seen in Figure 1c, the temperature depen-
dence follows the Arrhenius equation o = gy exp(—E,(0)/kgT),
with a constant o, of 10.4 S cm™' and an activation energy
for ionic conduction E,(0) of 0.625 eV, over the measured
temperature range (300—350 K).

Figure 1d shows the X-band electron-spin resonance
(ESR) spectra measured at 100 K. The neat sample shows
a broad isotropic signal (AH,, ~ 80 Oe) at g = 2.000 with
a>°Co (I = "/,) hyperfine structure (4 = 19 Og) as seen for
the diluted toluene solution (10~ M), and both spectra are
closely similar to that of the diluted solution of Co(DBCat)-
(DBSQ)(N—N).” The presence of bulky phosphonium
cations must be a significant part of the reason for the
hyperfine structure. The signal gradually decreases as
the temperature rises through the glass transition, with the
line width remaining unchanged.

Figure 2a shows an electronic absorption spectrum at
100 K, measured with a KBr compressed pellet. The spec-
trum is also reminiscent of that of Co(DBCat)(DBSQ)-
(N=N).>!” At low temperatures, a band chracteristic of a
ligand-to-metal charge transfer (LMCT) from the catecho-
late to the central cobalt *>!% was observed at around
610 nm. As the temperature increases from 280 to 320 K,
the intensity of the 610 nm band apparently decreases, while a
band at around 740 nm increases in intensity (Figure 2b).
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Figure 3. (a) Temperature dependence of y 7 (y = static susceptibility)
for [Py4.6.6.6l2[Co(DBCat)(DBSQ)(DCOObpy)] on heating (red circles)
and cooling (blue circles) processes under an applied magnetic field of 1 T.
A vertical arrow indicates the glass transition temperature (7, = 262 K).
Dotted lines indicate the temperature dependence for polycrystalline
Co(DBCat)(DBSQ)(bpy) on heating (red) and cooling (blue) processes.
(b) Temperature dependence of d(y7)/dT for [P4.¢.6l.[Co(DBCat)-
(DBSQ)(DCOObpy)] (red circles) and Co(DBCat)(DBSQ)(bpy) (blue
dotted line) during the heating process. The former values increase 10-fold
to facilitate visualization.

Considering the fact that the 740 nm band is associated with a
metal-to-ligand charge transfer (MLCT) from the central
cobalt to semiquinonate,”®!%° this spectral change indicates
that the present salt exhibits a valence-tautomeric equilibri-
um in the liquid state at around 300 K, which exceeds
substantially the glass transition temperature (262 K). The
presence of an isosbestic point (ca. 670 nm) would confirm
two different species in equilibrium. As expected, a low-
energy band (ca. 2400 nm), which is ascribed to mixed-
valence intervalence charge transfer from the catecholate to
semiquinonate ligands (ligand-to-ligand charge transfer;
LLCT),”®!% gradually decreases in intensity with increasing
temperature, obviously above 260 K (Figure 2c).

The product of static susceptibility (y) and temperature as
a function of temperature is depicted in Figure 3a. The yT'
value at 2 K (0.25 emu K mol ") falls into the range of values
expected for the S = '/, unpaired spin (the spin-only value is
0.375 emu K mol ™ "). With increasing temperature, it exhibits
a gradual increase of up to ca. 280 K through the glass
transition (262 K). Above 280 K, there is an abrupt upturn of
% T, which then begins to approach the value expected for
an uncorrelated three-spin system with S = '/,, /5, and */,
(the spin-only value is 2.625 emu K mol ), without magnetic
saturation. Such a temperature dependency is rather different
from that of polycrystalline valence-tautomeric complex
Co(DBCat)(DBSQ)(bpy) (dotted lines in Figure 3a) but
reminds us of that of the colloidal suspension of nanoparticles
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composed of valence-tautomeric coordination polymer Co-
(DBCat)(DBSQ)(bix), where bix is 1,4-bis(imidazol-1-yl-
methyl)benzene.!' It should be noted that the observed
valence tautomerism has little impact on the ion diffusivity
because no anomaly was observed for o in this temperature
region.

There might be two qualitative explanations regarding
the lower equilibrium temperature, namely, the higher
stability of the high-spin Co" state, for [P14.6.6.6]2[Co-
(DBCat)(DBSQ)(DCOObpy)] compared to Co(DBCat)-
(DBSQ)(bpy) (Figure 3b). One is the introduction of
electron-withdrawing carboxylate groups to bpy, which leads
to the reduced coordination ability of bpy and, subsequently,
the reduced ligand field around Co ions. The other is
associated with the loose molecular packing in the liquid
state, which also allows for stabilization of the high-spin Co*
complex dianions with a larger volume than low-spin Co™"
complex dianions.'® This effect is supported by the increase
in the equilibrium temperature for some Co(DBCat)-
(DBSQ)(N—N) with increasing applied hydrostatic pres-
sure.'” It is also noteworthy that cobalt bis(dioxolene)
complexes composed of pyridines with long alkoxy groups
exhibit the valence-tautomeric behavior coupled with the
melting event."?

On cooling from 350 K, the y7 value gradually
decreases to 2 K, without any anomaly at around
280—320 K. Such thermal hysteresis was absent when
cooled from 300 K. Whereas the correlation between the
valence-tautomeric behavior and the glass transition
remains unclear at the present stage, the observed thermal
hysteresis gives us firm evidence of RT magnetic
bistability in the liquid state. The high-y T state was kept
for less than 1 day at RT.

In summary, we synthesized a RT ionic liquid showing
valence-tautomeric behavior, by combining a cobalt
bis(dioxolene) complex dianion with a bulky tetraalkyl-
phosphonium cation. The successful implementation allowed
the smart ionic liquid, whose magnetic susceptibility
responds evidently to temperature change.
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